A power amplifier (PA) is an integral component of all base stations in wireless communication systems and is used for converting DC power supply into radio frequency output power, but PAs are highly nonlinear. To achieve high power conversion efficiency, the PA is operated near saturation, which causes intermodulation products and hence results in nonlinear distortion. Digital predistortion (DPD) is a technique used to compensate for the nonlinear distortion without compromising its efficiency. Fourth Generation Long Term Evolution (4G LTE) systems use a carrier aggregation scheme to combine separate available bandwidths to deliver high data speeds. In this paper the DPD technique has been applied to the 4G LTE downlink system using the singular value decomposition (SVD) algorithm. The 4G LTE downlink communication system has been developed for two 10 MHZ carriers aggregated together and the performance of the SVD algorithm has been evaluated in terms of AM-AM characteristics and power spectral density.
Introduction
A power amplifier (PA) is an essential component of a wireless communication system and is inherently nonlinear. The overall performance of a wireless communication system is highly dependent on PA characteristics. The nonlinearity results in spectral regrowth, hence leading to adjacent channel interference. This violates the spectral emissions standards of regulatory bodies. Nonlinearity not only causes out-of-band distortion, but also causes in-band distortion, which degrades the throughput and bit error rate (BER) of the wireless communication system. The newer transmission formats, such as WCDMA and LTE, have high peak to average power ratio (PAPR). High PAPR causes the PA to operate in the nonlinear region and thus results in in-band and outof-band spectrum regrowth. Spectrum regrowth can be measured in terms of adjacent channel leakage ratio (ACLR). For 2-tone input, the ACLR is defined as [1] :
ACLR dB = IM R 2 − 6 + 10 log 10 n 3 4 ( 2n 3 −3n 2 −2n 24
where IM R 2 is the 2-tone intermodulation ratio (dB) given as:
and n is number of tones for the band of interest. The simplest method to reduce nonlinearity is to operate the PA in the linear region of load line, but this results in reduction of PA efficiency. Linearization techniques enable the PA to operate near saturation without compromising its efficiency. Digital predistortion (DPD) has emerged as a flexible and cost-effective technique to achieve PA linearity. The newer transmission formats like WCDMA and LTE have large bandwidth. For signals having large bandwidth, PAs begin to exhibit memory effects. The methods [2] to measure memory effects in PAs were well described in [3] . The problem of linearization using DPD was analyzed in [4] , but the solution was not applicable to wideband communication systems. In [5] , the effects of quadrature modulator errors [6] on the output spectrum of an amplifier were studied. This paper described better analysis of the linearization problem, but it was not able to provide a better solution to the linearization problem. In [7] an adaptive predistorter was proposed and the concept of continuous update was introduced, but the proposed solution was applicable only for narrowband signals. An adaptive digital predistorter was presented for linearizing a PA, but only 20 dB improvement was noticed and again the solution was only applicable to narrowband signals [8] . A wideband adaptive DPD technique using the concept of the combination of a memory polynomial predistorter and a slope-dependent method was proposed in [9] , but the proposed method was complex to implement.
Adaptive DPD using neural networks was proposed [10] , but only 20 dB improvement was obtained. A complex memory polynomial-based DPD technique was given [11] and was able to achieve an improvement of about 40 dB for 3rd order IMD products for a 3G signal. Due to its better performance over direct learning architecture, indirect learning architecture (ILA) [12] was used for implementing the digital predistorter, and to identify the coefficients of the memory polynomial, the singular value decomposition (SVD) algorithm was proposed in the literature [13] [14] [15] . In our work, a 4G signal up to 7th order IMD products has been considered. The paper is organized as follows: Section 1 provides an introduction, the polynomial for nonlinear curve fitting of data is presented in Section 2, the proposed DPD architecture is explained in Section 3 and Section 4 presents the SVD algorithm, and simulation results are presented in Section 5 while Section 6 is the conclusion.
Memory polynomial for nonlinear curve fitting of data
The Volterra series is most widely used to model nonlinear systems with memory [3] , but it suffers from implementation complexity and its complexity increases as the nonlinearity order K and memory depth M increase.
Some variants of the Volterra series called memory polynomial [3] and Wiener and Hammerstein models are available [16] . These models are less complex to implement and offer comparable performance to the actual Volterra series. The memory polynomial model can be used to model PAs and DPD. To develop a memory polynomial model of a PA and DPD, we have considered the Weiner-Hammerstein model composed of a linear filter in cascade with a memoryless nonlinearity. This model can be represented by a memory polynomial model as follows [17] :
where u k (n) = x (n) |x (n)| k−1 , N is memory order, and P is the memory depth. The memory polynomial coefficients can be obtained using least square (LS) criteria and the number of coefficients will be equal to N P . Therefore, given measured or simulated input/output data, the estimation problem can be formulated as given below:
where the coefficients vector can be estimated from measured data using the LS method.
DPD architecture
The most common method to create a predistorter is to first model the PA and then calculate its inverse. To calculate the inverse of the PA, another nonlinear system with higher order memory polynomial is required, but this higher order requirement can lead to instability. Hence, to model the predistorter, the ILA shown in Figure 1 has been used [18] . ILA helps to model the inverse characteristics of the PA with much ease. When an input signal x is applied to the system as shown in Figure 1 , it results in a combined linear output y . If the output y is multiplied by linear gain G of the PA, then u = y becomes the transmitted signal x with residual distortion of the PA and DPD combination. A model for finding the inverse distortion has been created by finding the mapping w between the predistorted transmit signal z and the distorted PA output u. At convergence u = x and z =ẑ ,
where U can be computed by replacing
The LS solution of Eq. (6) can be found as:
Singular value decomposition algorithm
To find the LS, different algorithms have been proposed in the literature, but due to their ease of implementation, SVD algorithms have been used to find the LS error. The SVD is numerically accurate and reliable. To formulate the LS problem, let H = U SV T where U is an m × m orthogonal matrix, V is an n × n orthogonal matrix, and S is an m × n upper diagonal matrix. When m > n the SVD can be written as [19] :
where, U 1 is n × n , U 2 is ( m − n) × n , and S 1 is n × n . The LS solution can be obtained by substituting,
After few mathematical manipulationsx can be calculated as
where S −1 1 is the n × n diagonal matrix of inverse singular values and U T 1 is the transpose of the first n columns of U . The error in the LS estimate will be:
Experimental setup
An experimental setup has been developed to simulate the DPD as shown in Figure 2 . The LTE advanced downlink waveform has been taken as the input signal. The LTE waveform has a bandwidth of 20 MHz. Frequency division duplexing (FDD) frame mode has been used with a normal cyclic prefix. We have used quadrature phase shift keying (QPSK) modulation and the number of transmitting antennas has been taken as 2. For spectrum shaping a root raised cosine (RRC) filter with roll off factor of 0.22 and a Tukey time window have been used. For reference purposes, the PA model by Freescale has been used. To develop the DPD, 3-step methodology has been used. Step 1: In this step the LTE signal is generated and applied as stimulus to the PA. The PA input and PA output signals are stored in Cartesian form. The complementary cumulative distribution function (CCDF) of the signal is plotted for analysis purposes.
Step 2: In this step the DPD model is extracted and for model identification SVD algorithms are used. In this step the PA AM-AM characteristics, DPD AM-AM characteristics, spectrum, and normalized mean square error are plotted.
Step 3: This step is used to apply the extracted DPD model to the modeled PA. Here, the generated LTE signal is initially predistorted by the extracted model and then passed through the modeled PA model. The input and output of the PA are stored as text files. To evaluate the performance of the proposed system, the spectrum of the PA output with DPD is compared to the PA output without DPD.
The normalized mean square error (NMSE) can be used to evaluate the accuracy of modeling. If the NMSE is too large, the extracted model will not represent its physical circuit accurately. Increasing the order of nonlinearity or memory depth, a lower NMSE value can be obtained. The CCDF measurements of PA input are shown in Figure 3 and it provides information on the amount of time the signal spends at or above a specific power level, with the power level being in dB relative to the average power level. The value of peak power is calculated as 4.724 dBm whereas the value of mean power is calculated as -3.919 dBm. Figure 4 shows the PSD at the output of the PA. CCDF measurements provide important information that can be useful for the design of system components used in 4G systems. The AM-AM characteristics of the PA are shown in Figure 5 and AM-AM characteristics of DPD (both measured and validated) using the SVD algorithm are shown in Figure 6 . For PA and DPD model identification, the SVD algorithm has been used. By increasing the nonlinear order or memory modeling, the accuracy of the PA and DPD may be improved. By taking memory order Q = 5 and nonlinear order K = 7, the minimum value of NMSE is achieved as -48.64. The variation of CCDF with input power (Pin) is shown in Figure 3 and the variation of Pout/Pin (dB) with Pin (dBm) for the PA and Pout/Pin (dB) with Pout (dBm) for DPD with SVD algorithm are shown in Figures 5 and 6 . In Figure 6 , the red curve shows the AM-AM characteristics of the validated DPD and the blue curve shows the AM-AM characteristics of the measured DPD. Figure 7 shows the spectrum at the output of the PA with DPD and without DPD using the SVD algorithm. The use of oversampling results in bandwidth that is wider than the original signal. The PA input is displayed in green; the distorted PA output with DPD and without DPD is displayed in blue and in red, respectively. The variation of PA output at different frequencies (measured in dBc) with and without DPD for the SVD algorithm is shown in the Table. From Figure 7 and the Table, it has been concluded that the use of the SVD algorithm has resulted in spectral power regrowth improvement by 23.254 dBc. 
Conclusions
Due to its moderate complexity and high ACLR improvement capability, DPD is one of the widely used techniques these days. Hence, new bandwidth and linearity requirements are driving 4G designers to specify DPD earlier in their system designs. Due to the ease of implementation the proposed approach uses the SVD algorithm for extraction of DPD characteristics. Simulations were carried out to evaluate the performance of the SVD algorithm. Results show that spectral power regrowth has improved by 23.254 dBc.
